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ABSTRACT
TRPM4 is a Ca 2+ -activated but Ca 2+ -impermeable cation channel. An increase of [Ca 2+ ] i induces activation and subsequent reduction of currents through TRPM4 channels. This inactivation is strikingly decreased in cell-free patches. In whole cell and cell-free configuration, currents through TRPM4 deactivate rapidly at negative potentials. At TRPs is similar to that of voltage-gated and cyclic nucleotide gated channels (CNG): they consist of six transmembrane spanning helices (TM1-6), cytoplasmic N-and C-termini, and a pore region between TM5 and TM6 (2, 3) . As the fourth transmembrane helix is not positively charged, TRP channels were considered as voltage-independent. The voltagesensing features of some members of the TRPV subfamily could be attributed to voltagedependent block of the channel pore by intra-or extracellular divalent cations (4, 5) .
Members of the TRPM subfamily are much less studied at the functional level than those of the TRPV and TRPC family. They are characterized by relatively long N-and Ctermini, and some of them have entire enzyme domains linked to their C-termini: an ADP-ribose pyrophosphatase in TRPM2 (6) and an atypical α-kinase domain in TRPM6 and TRPM7 (7) (8) (9) (10) (11) . Surprisingly, TRPM4b, which is a Ca 2+ impermeable monovalent cation channel of 25-pS unitary conductance belonging to the TRPM subfamily, is in contrast to other TRP channels not inactivated but activated by intracellular Ca 2+ , [Ca 2+ ] i (12) . A short form of TRPM4, TRPM4a, is characterized in less detail and displays completely different properties with regard to Ca 2+ permeability and activation (13) . In this study, we report cloning of the human and mouse TRPM4 cDNAs. Transcripts of these genes are expressed in heart, kidney and endothelial cells indicating that this channel plays a role in the cardiovascular system. We demonstrate that TRPM4 is a Ca 2+ -and voltagedependent channel. It could therefore modulate the electrical activity of cells that generate action potentials. This is, to our knowledge, the first description of voltage-dependent properties of a TRP channel, suggesting a special role for this channel in excitable cells.
METHODS

Cloning of human and mouse TRPM4 cDNAs
The human expressed sequence tag 885075 (GenBank), homologous to the human TRPM1 cDNA, was identified and sequenced on both strands; it contained a ~1500 bp DNA fragment which represented part of the TRPM4 cDNA. Northern -and dot blotanalysis using this DNA fragment as a probe revealed TRPM4 transcript expression in a number of tissues including human prostate. TRPM4 full-length cDNA clones were isolated from four independent oligo-(dT)-primed and specifically primed cDNA libraries constructed with poly(A + )RNA isolated from tissue samples taken from patients with benign prostatic hyperplasia. Several cDNA clones (Fig. 1A ) were identified and sequenced on both strands. The cDNAs obtained encoded two variants of acid residues starting at Met 537 of the TRPM4b variant. The TRPM4b cDNA was subcloned into the dicistronic pdi -vector (14) .
To identify the mouse TRPM4, we searched the mouse genome ENSEMBL database (www.ensembl.org) with the human sequence using the tblastN program. Two novel CTA GTC TAG AGG TGA GGA TAA GGC CAC CAG -3') and M4_45 (5'-TGC TCT AGA GGC TGG AGG AAA TAC ACG G -3') were derived from these exon sequences of the mouse TRPM4 gene (exon 1 and exon 25, respectively), which correspond to sequences in the 5'-and 3'-non-translated regions of human TRPM4 and cDNA fragments were amplified from murine heart. The amplified DNAs were subcloned and the DNAs of several clones were sequenced on both strands. The 1213 amino acid sequence of the derived mTRPM4 protein corresponds to the human TRPM4b sequence. In addition two shorter variants represented by several independent clones including pM4-27 and pM4-28 (Fig. 1B) were identified, which might represent splice variants. The amino acid sequence encoded by clones pM4-27 and pM4-28 start at Met 187 . The subsequent sequence of pM4-27 is identical with the one of mTRPM4 (clone pM4-26) and covers 1027 amino acid residues. The clone pM4-28 contains an insertion, which results in a shift of the reading frame and a premature stop codon. Accordingly, transcripts made from pM4-28 encode a further shortened protein variant, which is predicted to have 592 amino acids (Fig. 1C) . The mouse TRPM4 gene is localized on chromosome 7.B2 in a region that is syntenic to human chromosome 19.q13.33, where the human TRPM4 gene is localized.
Northern analysis
A human multiple tissue RNA blot (Clontech) was hybridized in the presence of 50%
formamide at 42°C overnight. The probe was the 1361bp Asp718 / PstI fragment of the human TRPM4 cDNA. Filters were exposed to X-ray films for 20 days. For the analysis of expression of TRPM4 in mouse tissues poly(A) + RNA was isolated from liver, stomach, intestine, placenta, esophagus, brain, mouse aortic endothelial cells, heart, kidney, pancreas and embryonic stem cells (R1) as described (14) . MAEC were isolated from adult 129SvJ mice as described (15) . Two EcoRI -BamHI fragments of 743 bp and 637 bp of length corresponding to nucleotides 1328 to 2120 and 2325 to 3136 of the mTRPM4 cDNA, respectively, were used as probes. Filters were exposed to X-ray films for up to 13 days.
Cell culture
Human embryonic kidney cells, HEK293 were grown in DMEM containing 10%
(v/v) human serum, 2 mM L-glutamine, 2 U/ml penicillin and 2 mg/ml streptomycin at 37ºC in a humidity controlled incubator with 10% CO 2 .
Transient expression of hTRPM4
We used the recombinant bicistronic expression plasmid pdiTRPM4b, which carries the entire protein-coding region for the human TRPM4b (accession numbers AX443227, AF497623) and for the green fluorescent protein (GFP) coupled by an internal ribosomal entry site (IRES) sequence. HEK293 cells were transiently transfected with the pdiTRPM4b vector using previously described methods and successfully transfected cells concentration at the inner side of the membrane was adjusted between 100nM and 10 µM by adding appropriate amounts of CaCl 2 to 10 mM EGTA calculated by the CaBuf program (ftp://ftp.cc.kuleuven.ac.be/pub/droogmans/cabuf.zip). In some inside-out patch clamp experiments we used 156 mM Na + or K + instead of Cs + . For Ca 2+ concentrations between 100 µM and 5 mM, CaCl 2 was added to an EGTA free solution. Some experiments were done with Ca 2+ buffered at 100 or 300 µM with 10 mM HEDTA, which gave identical results as in EGTA free solutions. All internal solutions were ATP free. All experiments were performed at room temperature (22-25°C).
Electrophysiology
Whole-cell membrane currents were monitored with an EPC-9 (HEKA Elektronik, Lambrecht, Germany) using ruptured patches. Patch electrodes had a DC resistance between 2 and 4 MΩ. An Ag-AgCl wire was used as a reference electrode.
Capacitance and access resistance were monitored continuously. Between 50% and 70% of the series resistance was compensated electronically to minimize voltage -7 Voltage dependence of TRPM4 -errors. Single channel data were obtained in the outside-out and inside-out patch clamp configuration. Sampling interval for single channel measurements was 400 µs, filter-setting 1 kHz.
Step protocols for single channel measurements were applied from holding potentials between 50 and + 50 mV. Pre-step protocols consisted of 100 -2000 ms steps from -100 to +100 or 140 mV followed by a 250 ms test step to -100 mV. Interval between the pulses was 5 s. Tail current experiments were performed with a 400 ms pre-pulse to +10 mV followed by 250 ms test steps from +100 mV to -140 mV. Each trace consisted of 2048 data points.
Ca 2+ measurements
TRPM4-expressing cells were loaded with Fura-II via the patch pipette (50 µM K + -Fura and 0.1 mM EGTA in the pipette) and excited alternately at wavelengths of 360 and 390 nm through a filter wheel rotating at 2 cycles/s. The fluorescence emitted at each excitation wavelength was measured at 510 nm using a photomultiplier. Autofluorescence measured from the cell free background was subtracted. Apparent free [Ca 2+ ] was calculated from the fluorescence ratio R by [Ca 2+ ] i = K eff (R-R 0 ) / (R 1 -R), where K eff is the effective binding constant, R 0 the fluorescence ratio at zero Ca 2+ , and R 1 that at high Ca 2+ . These calibration constants were determined experimentally for the given set-up and the actual experimental conditions used.
Data analysis
Electrophysiological data were analyzed using the WinASCD software (G. Droogmans, Leuven). Pooled data are given as mean ± S.E. of n cells. Significance was tested using -8 Voltage dependence of TRPM4 -Student's paired t test (P<0.05).
RESULTS
The TRPM4 full length cDNAs (hTRPM4b and mTRPM4) were cloned using poly(A) + RNA isolated from human prostate tissue and mouse heart, respectively. The derived sequences of the human and mouse proteins ( figure 3A, B) . Current voltage relationships (IV curves) measured at the peak of the activated current, clearly showed a strongly outwardly rectifying current ( figure 3A, inset) . Another typical feature of TRPM4 currents is shown in figure 3C . Loading the cell with 10 µM Ca 2+ again activated a transient current ( figure   3C ). After complete inactivation of the current, switching to outside-out mode rapidly removed inactivation and the remaining current became stable for several minutes ( figure   3C ). This recovery and maintained current response is not due to a change in [Ca 2+ ] i because the pipette solution remains the same under both conditions. IV curves at maximal activation in whole-cell mode and in outside-out mode both showed strong outward rectification ( figure 3D, E) . The steep increase of the current at large negative potentials is only observed if the voltage ramps are applied from -100 to +100 mV, but not if they are applied from +100 to -100 mV, and represents, as will be shown later, a rapid deactivation of the current active at the holding potential by stepping to negative potentials. Substitution of extracellular Na + by NMDG + completely abolished inward currents (figure 3C, E). figure 4A ). It does no longer inactivate and remains stable for several minutes, and its kinetic features were identical to those of the whole cell current ( figure 4B, c,d ). Current activity was also maintained for more than 10 minutes in inside-out patches exposed to 10 µM [Ca 2+ ] i , as illustrated by the single channel traces in Figure 5A Figure 5B shows that the ensemble-averaged currents at -100 mV, calculated from the corresponding single channel current traces, display the same voltage-dependent kinetics as the macroscopic current. The clustering of openings at the beginning of the hyperpolarizing step is consistent with a fast activation and deactivation of the channel (Fig. 4B) . Figure 5C and D compare the times course of ensemble averaged currents from inside-out patches in divalent free solutions in the pipette (extracellular side) and in solutions containing 1 mM Mg 2+ and 5 mM Ca 2+ . Currents were measured in the presence of 100 µM Ca 2+ for steps from 0 to +100 and -100 mV. Both inward and outward currents in inside out-patches very much resembled the currents measured in whole cell and outside-out mode, and DVF solution did not alter the kinetics of the currents. Surprisingly, increasing [Ca 2+ ] i up to 300 µM still activated additional channels in inside-out and also in outside-out patches, indicating that currents through TRPM4 do not saturate at concentrations as low as 1 µM, as reported by Launay et al. (12) . We have checked Ca 2+ dependent activation of TRPM4 in the range from 100 nM up to 5 mM.
Current density still increased at 1 and 5 mM. Also these features were identical in divalent cations containing and DVF solution ( figure 5E, F) .
Time course of current deactivation were fitted to a single exponential, giving time constants at -100 mV of 24.3 ± 5 ms (n=4, whole cell measurements), 30.0 ± 6 ms (n=12, inside out patches, ensemble averaged currents) and 15.3 ± 2.9 ms (n=18, out-side out patches). For steps from 0 to +100 mV, activation time constants were 155 ± 51 ms (n=4, whole cell), 104 ± 21 ms (n=12, inside out patches), and 101 ± 16 ms (n=18, outside-out).
These data indicate that the voltage dependent kinetics is nearly identical for all different configurations.
The kinetic features observed in all patch clamp configurations indicate that the gating of TRPM4b is a voltage-dependent process that will be further explored in the following experiments using outside-out patches ( Figure 6 , [Ca 2+ ] i = 100 µM), because the current is more sustained in this patch-clamp configuration. Voltage steps applied from 0 mV to negative potentials induced small, rapidly deactivating inward currents, whereas much -12 Voltage dependence of TRPM4 -larger outward currents were activated during steps to positive potentials (Fig. 6A ). Much larger current amplitudes were also observed if this voltage step protocol was applied from a holding potential of +50 mV (figure 6B), which is consistent with a larger fraction of channels being active at this positive potential. The instantaneous IV curves, obtained by plotting the current amplitudes at the beginning of each step as a function of the step potential, are nearly linear, but current amplitudes at the 0 mV holding potential were much smaller than at +50 mV ( figure 6C ). To assess the dependence of current activation on the pre-potential, we used a similar step protocol as in figure 6A and measured the current amplitude during a voltage step to -100 mV following the pre-step. This step induces large inward currents, which rapidly deactivate (Fig. 6D) . IV curves from the currents at the end of the pre-potential showed outward rectification (figure 6E). The amplitude of the current at the beginning of the step to -100 mV displayed a sigmoid dependence on pre-potential (figure 6E). The fraction of open channels (F open ) at the end of each pre-step potential, shown in Figure 6F , was calculated by normalizing these latter current amplitudes to the maximal current observed at positive potentials. It is obvious that channel availability strongly depends on membrane potential, and can be described by a Boltzmann function 0. 5 
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where F open is the fraction of open channels at the pre-step potential V P , V 0.5 the potential of half-maximal activation, s the slope parameter and F const the fraction of open channels at negative potentials ( figure 6F ). From the pooled data from 8 cells at 100 µM [Ca 2+ ] i using pre-steps of 1 and 2 s, we obtained a steady state fraction of non-inactivated channels at negative potentials of 3 ± 0.3 %, a potential for half maximal activation of 28 ± 3 mV, and a slope factor of 10.1 ± 1.3 mV.
To be certain that steady-state activation was reached at the end of the pre-pulses to 1 and 2 s, we measured the time course of activation using a protocol consisting of prepulses of varying duration followed by a step back to -100 mV ( Figure 6G ). The time course of the peak inward current amplitudes at -100 mV could be fitted by a single exponential Extracellular divalent cations had no effect on the steady state availability curve, since it was not affected by omitting divalent cations or increasing [Ca 2+ ] e from 1.5 to 10 (n = 6
for all three conditions, data not shown).
DISCUSSION
The TRPM4b channel is uncommon in as much as it is activated rather than inactivated -14 Voltage dependence of TRPM4 -by intracellular Ca 2+ and is impermeable for Ca 2+ (12) . We show here that TRPM4b exhibits a striking voltage dependence, which has not been previously described for any TRP channel, indicating that TRPM4b is both a Ca 2+ -activated and voltage-dependent cation channel. The membrane potential strongly modulates the channel but does not activate it, the latter process being dependent on an increase in [Ca 2+ ] i . TRPM4b differs in this respect from other Ca 2+ -activated channels, such as BK Ca , where strong depolarization can lead to channel activity in the absence of intracellular Ca 2+ . In our experiments, activation of TRPM4b requires higher Ca 2+ concentrations than those previously reported (12) . There is no obvious reason for this difference. In that report, the intracellular solution contained K + or Na + , but substituting intracellular Cs + in the pipette solution by K + or Na + did not significantly affect the Ca 2+ sensitivity of TRPM4b. Surprisingly, we found in nearly all cells (81% at 10 µM [Ca 2+ ] i , 100 % at 100 and 300 µM [Ca 2+ ] i ), complete current inactivation within the first 120 seconds after breaking into the cells. The nature of this mechanism is so far unknown. The decay of the current is clearly faster at higher [Ca 2+ ] i , suggesting a Ca 2+ -dependent mechanism. This mechanism seems to be absent or dysfunctional in cell free patches, indicating that a small regulating molecule might be lost after patch excision. This decay is at variance with data published previously (6) . The reason for these differences is not clear. However, at Ca 2+ concentrations in the 1 µM range, current decay is slow and may not be detectable in experiments lasting less than 120 seconds (6) . It is intriguing to speculate that, in analogy This mechanism might be useful for generation and modulation of spontaneous electrical activity or for modulation of electrical activity in excitable cells generating burst of electrical activity (18, 19) . The expression pattern of TRPM4 transcripts both in human and mouse tissues (Fig. 2) is in support of such a functional role in excitable cells.
As the voltage and time dependence of TRPM4b is partly reminiscent of Ca 2+ Ca 2+ sensitivity of TRPM4b seems to be identical at positive potential and negative potentials at concentrations between 10 µM and 1 mM Ca 2+ (more than 5 cells for each concentration, data not shown). Moreover, the voltage dependence of channel availability was independent of [Ca 2+ ] i (Fig. 5 D-F) . It is therefore unlikely, that deactivation at negative and slow activation at positive potentials can be explained by a low Ca 2+ affinity at negative and high affinity at positive potentials, as is the case for Ca 2+ activated Clchannels (20, 21) . In addition, we have not observed any change in the rectification behavior at different [Ca 2+ ] i , which also argues against a voltage-dependent Ca 2+ affinity of TRPM4b.
At present, we can only speculate about the molecular mechanism of the voltagedependent gating of TRPM4. Based on our present experiments, a block by intra-or extracellular divalent cations, as shown for TRPV6 [4] , can be excluded. Opening of voltage-gated K + , Na + or Ca 2+ channels depends on the voltage-dependent movement of charged residues in the fourth transmembrane domain (S4), which, together with part of S3 forms a so-called "voltage-sensor paddle". Some charged residues are present in and around the putative fourth transmembrane domain of TRPM4, which could contribute to the channel's voltage dependence, but future mutagenesis studies are required to investigate this possibility.
In conclusion, we show here for the first time a Ca 2+ -and voltage-dependent TRP channel. Its features might be functionally important in tissues that generate action 
D.
Current traces from a pre-step protocol. A 500 ms prepulse to potentials between 100 and +140 mV is followed by a 250 ms step to 100 mV.
Note the large inward currents during the step to 100 mV after a preceding pre-step to positive potentials.
E.
IV curves of the current at the end of the pre-step (-) and of the instantaneous current at the beginning of the back step (,) show increased currents at more positive potentials. 
G.
Time course of activation: Pre-pulses to +50 mV of varying duration (from 40 to 400 ms in increments 20 ms) were applied from a holding of 0 mV, and were followed by a 250 ms step to -100 mV. Interval between the sweeps is 5 s. Note that the time course of current activation during the pre-pulse is the mirror image of that of the peak amplitude of the inward current during successive pulses back to -100 mV. 
